Photosynthesis, a process catalysed by plants, algae and cyanobacteria converts sunlight to energy thus sustaining all higher life on Earth. Two large membrane protein complexes, photosystem I and II (PSI and PSII), act in series to catalyse the light-driven reactions in photosynthesis. PSII catalyses the light-driven water splitting process, which maintains the Earth's oxygenic atmosphere 1 . In this process, the oxygen-evolving complex (OEC) of PSII cycles through five states, S 0 to S 4 , in which four electrons are sequentially extracted from the OEC in four light-driven charge-separation events. Here we describe time resolved experiments on PSII nano/microcrystals from Thermosynechococcus elongatus performed with the recently developed 2 technique of serial femtosecond crystallography. Structures have been determined from PSII in the dark S 1 state and after double laser excitation (putative S 3 state) at 5 and 5.5 Å resolution, respectively. The results provide evidence that PSII undergoes significant conformational changes at the electron acceptor side and at the Mn 4 CaO 5 core of the OEC. These include an elongation of the metal cluster, accompanied by changes in the protein environment, which could allow for binding of the second substrate water molecule between the more distant protruding Mn (referred to as the 'dangler' Mn) and the Mn 3 CaO x cubane in the S 2 to S 3 transition, as predicted by spectroscopic and computational studies 3, 4 . This work shows the great potential for time-resolved serial femtosecond crystallography for investigation of catalytic processes in biomolecules.
, Tzu-Chiao Chao Photosynthesis, a process catalysed by plants, algae and cyanobacteria converts sunlight to energy thus sustaining all higher life on Earth. Two large membrane protein complexes, photosystem I and II (PSI and PSII), act in series to catalyse the light-driven reactions in photosynthesis. PSII catalyses the light-driven water splitting process, which maintains the Earth's oxygenic atmosphere 1 . In this process, the oxygen-evolving complex (OEC) of PSII cycles through five states, S 0 to S 4 , in which four electrons are sequentially extracted from the OEC in four light-driven charge-separation events. Here we describe time resolved experiments on PSII nano/microcrystals from Thermosynechococcus elongatus performed with the recently developed 2 technique of serial femtosecond crystallography. Structures have been determined from PSII in the dark S 1 state and after double laser excitation (putative S 3 state) at 5 and 5.5 Å resolution, respectively. The results provide evidence that PSII undergoes significant conformational changes at the electron acceptor side and at the Mn 4 CaO 5 core of the OEC. These include an elongation of the metal cluster, accompanied by changes in the protein environment, which could allow for binding of the second substrate water molecule between the more distant protruding Mn (referred to as the 'dangler' Mn) and the Mn 3 CaO x cubane in the S 2 to S 3 transition, as predicted by spectroscopic and computational studies 3, 4 . This work shows the great potential for time-resolved serial femtosecond crystallography for investigation of catalytic processes in biomolecules.
The first X-ray structure of PSII was determined to a resolution of 3.8 Å in 2001 (ref. 5 ) revealing the protein's architecture and the overall shape and location of the OEC. In 2011, Shen and co-workers achieved a breakthrough in the structural elucidation by dramatically improving crystal quality, enabling determination at 1.9 Å resolution 6 . This structure showed the OEC at near atomic resolution. However, the OEC was probably affected by X-ray damage, a fundamental problem in X-ray crystallography.
The X-ray damage problem may be overcome through the use of serial femtosecond crystallography (SFX) 2, 7, 8 , an advance enabled by the advent of the X-ray free electron laser (XFEL). In SFX, a stream of microcrystals in their mother liquor is exposed to intense 120 Hz femtosecond XFEL pulses, thereby collecting millions of X-ray diffraction 'snapshots' in a time-frame of hours. Each X-ray FEL pulse is so intense that it destroys the sample; however, the pulse duration is so short that diffraction is observed before destruction occurs 9 . Conventional X-ray structures correspond to a temporal and spatially averaged representation of biomolecules, leading to a 'static' picture. To capture dynamic processes such as water oxidation in PSII, time-resolved X-ray data can be collected using SFX [10] [11] [12] . Conformational changes may be observed at a time-resolution ranging from femtoseconds to microseconds by combining visible laser excitation with the SFX setup and varying time delays between the optical pump and the X-ray probe snapshot. As partial reflections from crystals in random orientations are recorded, many snapshots must be collected for adequate sampling of the full reflections and three-dimensional reconstruction. A time-resolved pump-probe experiment was performed in 2010 using PSI-ferredoxin crystals as a model system, in which changes in diffraction intensities, consistent with a light-induced electron transfer process in the PSIferredoxin complex and dissociation of the PSI-ferredoxin complex were seen 10 . The catalytic reaction in PSII is a dynamic process. The oxygen evolution reaction is catalysed by the oxygen-evolving complex (OEC), in which the electrons are extracted from the OEC in four sequential charge separation events through the S-state cycle (Kok cycle), as shown in Fig. 1a (see ref. 1 for a review). SFX diffraction and X-ray emission spectroscopy (XES) were reported investigating the dark S 1 state and the single flash (S 2 state) of PSII 13 . The XES data show that the electronic structure of the highly radiation sensitive Mn 4 CaO 5 cluster does not change during femtosecond X-ray exposure 13 . However, the quantity and quality of X-ray diffraction data was insufficient to determine if any structural changes occurred.
We report on microsecond time-resolved SFX experiments conducted at the CXI instrument 14 at the Linac Coherent Light Source (LCLS) 15 . The experimental setup is shown in Fig. 1b , c. We developed a multiple-laser illumination scheme that progressively excites the OEC in dark-adapted PSII nano/microcrystals by two laser pulses from the dark S 1 state via the S 2 state to the double-flash putative S 3 state. Not all PSII centres progress to the next S-state by a single saturating flash which could lead to heterogeneities. Therefore the S-state reached in the double-flash experiment is indicated as 'putative S 3 state' here.
The diffraction patterns collected from dark and illuminated crystals were sorted into two data sets. Using the 'hit finding' program Cheetah 16 , 71,628 PSII diffraction images were identified from the dark diffraction patterns and 63,363 were identified from the double-flash patterns, see Extended Data Fig. 2 for examples. From these hits, 34,554 dark state patterns and 18,772 double-flash patterns were indexed and merged to reduce all stochastic errors using the CrystFEL software suite 17 (see Extended Data Table 2a , b). The data were indexed as orthorhombic, with unit-cell parameters of a 5 133 Å , b 5 226 Å , and c 5 307 Å for the dark state, and a 5 137 Å , b 5 228 Å , and c 5 309 Å for the double-flash state (for error margins see Table 1 ). The distributions of unit cell dimensions are shown in Extended Data Fig. 3 and Extended Data Table 2a , b. The data clearly supports an increase in unit cell dimensions in the doubleflash state, with the largest difference detected for the a axis. Two factors may explain the change in unit cell constants, lower indexing rates and a slight decrease in resolution of diffraction: crystal degradation upon laser illumination or significant structural changes upon the transition from the dark state to the double-flash state, which may represent the putative S 1 to S 3 transition. To distinguish between these two possibilities, we collected data with triple-flash excitation of the PSII crystals, where at least part of the PSII centres may have reached the putative transient S 4 state. Preliminary data evaluation of the triple-flash data set (that is, putative S 4 state) shows similar unit cell dimensions and crystal quality as the dark S 1 state (see Extended Data Fig. 3 and Extended Data Table 2a ). This suggests that conformational changes induced in PSII by the doubleflash excitation (that is, during the putative S 1 to S 3 transition) are reversed after excitation with the third flash (in the putative S 3 to S 4 transition), as discussed in the Methods.
Diffraction data from the dark and double-flash states were evaluated to 5 Å and 5.5 Å resolution, respectively; the data refinement statistics are shown in Table 1 . As each diffraction pattern represents a thin cut through reciprocal space by the Ewald sphere, only partial reflections were recorded. A high multiplicity of observations is therefore needed for each Bragg reflection to obtain full, accurate structure factors. The average multiplicity per reflection was 617 for the dark state data set and 383 for the double-flash data set over the whole resolution range (see Extended Data Tables 1a, b) . Extended Data Table 2c shows a comparison of the data statistics of this work with the S 1 and S 2 data in ref. 13 . The crystal-stream of photosystem II, was exposed to two subsequent optical laser pulses at 527 nm before interacting with the femtosecond X-ray FEL pulses. With a FEL frequency of 120 Hz and triggering of the laser at 60 Hz, X-ray diffraction patterns from crystals in the dark state and 'light' double-flash state alternate. c, Laser excitation scheme. The first 527 nm laser pulse excited the crystals 110 ms after the trigger pulse. The delay time between the first and second 527 nm laser pulse was 210 ms, with X-ray diffraction data collected 570 ms after the second laser pulse. The data were phased by molecular replacement using a truncated version of the 1.9 Å structure (PDB accession code 3ARC) 6 . Rigid body refinement (phenix.refine) was performed for both the dark and doubleflash structures (see Methods for further details on molecular replacement and refinement). To reduce model bias, we calculated omit maps and simulated annealed maps (SA-omit maps) for the dark and doubleflash data, deleting the coordinates of the Mn 4 CaO 5 cluster from the model. Figure 2a -c shows the arrangement of protein subunits and cofactors of photosystem II, including the electron transport chain. The comparison of the electron density maps for the dark state (green) and the double-flash state (white) at a contour level of 1.5 s is shown in Fig. 2d-f . Both maps show clear electron densities for the transmembrane helices as well as loops and cofactors. Additional electron density maps for representative structural elements of PSII are shown in Extended Data Figs 5, 6, 7 and 8. Overall, the protein fits into the electron densities for the dark and double-flash states and matches with the high resolution structural model. However, differences appear in regions of the Mn 4 CaO 5 cluster and the acceptor side, where the quinones and the non-haem iron are located. Determining the significance of these changes and their correlations is complicated due to the resolution limit of the data. Figure 2g -i shows detailed views of the loops at the acceptor side of PSII. The quinones are not visible at the current resolution of 5 Å . The maps indicate differences between the electron densities of the dark and double-flash states in the loop regions and also in the position of the non-haem iron that is coordinated by the loops.
We now focus on the structure in the undamaged dark S 1 state of the metal cluster in the OEC and the potential light-induced structural changes that may occur during the S-state transition. Extended Data Fig. 8 shows the SA-omit map of the OEC in the dark S 1 state for the Mn cluster in PSII with the 1.9 Å X-ray structure in ref. 6 . Interestingly, the electrondensity map of the dangler Mn atom from the 1.9 Å structure is located outside the dark S 1 state electron density, a feature also visible in the electron density map of ref. 13 . These structural observations are consistent with spectroscopic results, which indicate that the distance between the dangler Mn and the Mn 3 O x Ca distorted cubane is indeed shorter in the dark S 1 state than in the 1.9 Å structure based on the synchrotron data, which might be influenced by X-ray induced reduction of the Mn ions in the metal cluster 18, 19 . This shorter distance is in agreement with density function theory (DFT) studies 4, 18, 20 based on the 1.9 Å structure of PSII 6 , however, the current resolution limit of 5 Å does not allow a quantitative assessment.
The mechanism of water splitting is intensely debated and many models have been proposed. The recent 1.9 Å X-ray structure 6 formed the basis 
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for more detailed theoretical studies of the process, yet the proposed mechanisms differ 4, [20] [21] [22] . Based on our time-resolved SFX (TR-SFX) structural data, we looked for differences between the electron-density maps of the OEC, derived from the dark and the double-flash data sets. Figure 3a , b shows the SA-omit maps calculated for dark (blue) and double-flash state (yellow) and compared with the model of the metal cluster from the 1.9 Å structure 6 ( Fig. 3c ). The Mn 4 CaO 5 cluster was omitted from the model for the calculation of the SA-omit map, which is based on annealing at a virtual temperature of 5000 K to minimize phase bias. The SAomit electron densities of the dark and double-flash states differ in the shape and position, as well as in the protein environment, of the Mn 4 CaO 5 cluster. The dark state simulated-annealed (SA)-omit electron density for the OEC protein environment matches the model of the 1.9 Å structure 6 , whereas the SA-omit map of the double-flash state differs significantly. Any interpretation of changes in the protein environment of the OEC is highly speculative at a resolution of 5 Å and heterogeneities in the S-state transitions. However, the SA-omit map of the double-flash state is suggestive of conformational changes which may indicate a movement of the CD loop (including the ligand D170) away from the cluster. If confirmed at higher resolution, this could explain mutagenesis studies that raised questions about the ligand-role of D170 in the higher S-states 23 . Furthermore, in the double-flash state, the electron density of the metal cluster extends and shows a new connection to the AB loop at the site where D61 is located. Although D61 only serves as a second sphere ligand in the 1.9 Å crystal structure 6 , mutagenesis studies indicated an important role in the water oxidation process, as the S 2 to S 3 transition is blocked in D61 mutants.
The change in the electron-density of the OEC is suggestive of an increase in the distance between the cubane and the dangler Mn and distortion in the cubane in the double-flash state. The observed electron densities (Fig. 3a, (more detail provided in the Supplementary Discussion). The consistency of spectroscopy and DFT studies with our observations may provide preliminary indications that a significant fraction of the OEC centres in our crystals have reached the S 3 state in the double-flash experiment.
Our time-resolved SFX study captures the image of PSII after it has been excited by 2 saturating flashes and provides experimental evidence for structural changes occurring in the putative S 3 state of the OEC, accompanied by structural changes at the acceptor side of PSII. As the resolution is limited to 5 Å , the interpretation of the changes observed is preliminary. This work is a proof-of-principle that time-resolved SFX can unravel conformational changes at moderate resolution and may lay the foundation for solving high resolution structures of PSII at all stages of the water oxidation process in the future. To unlock the secrets of the water-splitting mechanism by TR-SFX at atomic detail, the resolution must be further improved and structures must be determined from all the S-states with multiple time delays.
METHODS SUMMARY
Here, we describe microsecond time resolution optical pump/X-ray probe SFX experiments on PSII nano/microcrystals, to study conformational changes in PSII in the transition from the dark to the double-flash state of PSII, where structures were determined at 5 and 5.5 Å resolution, respectively. Nanocrystal growth for SFX was performed using a free-interface diffusion technique (see Extended Data Fig. 1a-e) . The size and crystallinity of the samples were monitored by dynamic light scattering (DLS) and second order non-linear imaging of chiral crystals (SONICC) 26 . Timeresolved SFX data were collected from PSII crystals delivered to the X-ray FEL interaction region at room temperature in a liquid jet 27 , The crystals were progressed along the S-state cycle 28 from the dark S 1 to the putative S 3 state by two saturating laser flashes before the structure was probed by interaction with the X-rays flashes (see Fig. 1b , c and Methods for details). The structure factors and coordinates have Author Information The structure factors and coordinates have been deposited in the Protein Data Bank and accession codes for S 1 and putative S 3 states are 4PBU and 4Q54, respectively. Reprints and permissions information is available at www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper. Correspondence and requests for materials should be addressed to P.F. (pfromme@asu.edu).
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Isolation and crystallization of photosystem II. Photosystem II (PSII) was isolated from Thermosynechococcus elongatus as described in ref. 32 with the following modifications. The samples were frozen after the ion exchange chromatography step and batch precipitation/crystallization of PSII was performed four times in decreasing concentrations of PEG 2000, the last purification step was performed at LCLS directly before growth of microcrystals. Standard crystallization methods, such as vapour diffusion and hanging drop, have become the dominant techniques for the growth of protein crystals in the past decade. These methods have been optimized for very small volumes of protein that are currently not useful for serial femtosecond crystallography (SFX). Batch crystallization has been successfully used for the growth of large PSII crystals for standard crystallography 32 and crystallization in batch method can be easily scaled up for large protein volumes. Growth of very small PSII crystals (approximately 1 mm) using the batch method, at high yield, requires high super-saturation conditions to enhance nucleation. This leads to a very broad size distribution of crystals, visible crystal defects, and a coexistence of crystals and amorphous precipitate.
The growth of PSII microcrystals for data collection was performed using a free interface diffusion technique that had been adapted to a batch method for a higher yield. In this approach, nucleation is initiated at the interface between the high density precipitant solution and the lower density protein solution, containing PSII detergent micelles. The protein solution was prepared by dissolving the PSII precipitate from the fourth precipitation step (see above) in solubilisation buffer A-sol (100 mM PIPES pH 7.0, 5 mM CaCl 2 , 10 mM tocopherol, 0.03% b-dodecylmaltoside (DDM) (from glycon .99.9% purity), adjusting the concentration of chlorophyll (chl) to 0.5 mM. The crystals were grown in batch experiments in 15 ml Falcon tubes by adding precipitation buffer to a final concentration of 100 mM PIPES pH 7.0, 5 mM CaCl 2 , 10 mM tocopherol, and 10-17% PEG 2000 to the protein solution. The optimal PEG and protein concentration was experimentally determined for each protein batch separately, in small-scale experiments, before the remainder of the protein was crystallized on site at LCLS directly before data collection. All precipitation steps and the crystallization were carried out in darkness to avoid pre-illumination of the crystals. The PEG precipitant solution was added to the PSII solution at a rate of approximately 20 ml per second. The slow addition of the PEG precipitant, with a higher density than the protein solution, led to a two-phase system, where the precipitant solution gathered at the bottom of the tube with a small mixed zone in between the top protein layer and the bottom PEG layer. Once the crystals formed and reached a sufficient size, they sedimented into the precipitant solution and formed a pellet at the bottom of the tube. As the precipitant solution did not contain protein, the crystal growth stopped (see Extended Data Fig. 1a-e) . To further ensure that crystal growth had been terminated, the supernatant was removed after 48 h and a stabilization buffer (100 mM PIPES pH 7.0, 5 mM CaCl 2 , 10 mM tocopherol, 20% PEG 2000) was added. This buffer also served as the running buffer for delivery of the crystals to the X-ray interaction region during the time-resolved serial femtosecond crystallography (TR-SFX) experiments. The supernatant was saved and later used once crystals reached sufficient size, as it continued to crystallize at a significantly slower rate, due to the decreased protein concentration. The crystallization progress was monitored closely by taking 1 ml samples at regular intervals to determine crystal size by dynamic light scattering (DLS) (see Extended Data Fig. 1d ). Crystals were collected and directly used for the SFX experiments after they reached a size of around 1 mm. Although DLS provides the size distribution of the particles, it cannot discriminate between amorphous and crystalline particles. The crystallinity of the samples was therefore monitored by SONICC, which detects nanocrystals as small as 100 nm 26 . Extended Data Fig. 1a-e show the crystallization method and results of crystal characterization experiments.
All handling steps with the crystals were performed in dim green light to limit exposure. After growth and stabilization, crystals were stored in complete darkness. All steps thereafter were done in the dark.
The plastoquinone derivative PQ decyl was not added to the crystals until the beamtime in June 2012 and therefore was not a part of the double-flash (that is, putative S 3 ) experiments. J. Bergkamp synthesized PQ decyl in the laboratories of A. L. Moore and T. A. Moore at Arizona State University. It contains the same head group as plastoquinone but the 15 units of the isoprene tail were replaced by an N-decyl chain to improve solubility. We have independently determined that addition of PQ decyl maintains full oxygen evolving activity of PSII under continuous illumination for several minutes. A plastoquinone molecule is located in the quinone binding pocket Q B in S 1 , after two laser excitation flashes, reaching the putative S 3 state, the natural plastoquinone (PQ) becomes double reduced to PQ 22 , which takes up two protons and leaves the binding site as plastoquinol PQH 2 . The empty binding pocket is then re-populated by PQ decyl, before the third laser flash induces the next charge separation event to reach the S 4 state (see Fig. 1a for the S-state scheme 31 that also features the reduction state of the quinone in each of the S-states).
Characterization of microcrystals by SONICC and DLS. All crystal samples were characterized via two methods, second order nonlinear imaging of chiral crystals (SONICC) 26 . The SONICC and DLS experiments were performed using 24-well VDXm plates for data collection from 1 ml suspension of the crystals. The reservoir was filled with 500 ml of precipitation buffer to prevent evaporation of the 1 ml hanging drop containing the crystals. The crystals were monitored by the SONICC system, at 200 mW laser power for an exposure time of 1 s. In the SONICC technique, the crystals were excited by two femtosecond infrared laser pulses of 1064 nm leading to second harmonic generation. The SONICC signal was detected at 532 nm. The dynamic light-scattering experiments were performed in 1 ml hanging drops. Our DLS instrument is equipped with an infrared laser at 785 nm to avoid excitation of the pigments in PSII during the measurements. Attempts to conduct DLS measurements on PSII samples with a red laser, as used in most commercial DLS instruments, failed due to the strong absorption of red light by the chlorophylls in PSII, which strongly diminished the signal. For each sample, 10 measurements were performed with 20 s of data collection per measurement. The viscosity of the buffer solutions was determined experimentally by calibration with 140 nm polystyrene beads. The crystal size distribution was found to be around 1 mm (see Extended Data Fig. 1d ). EPR characterization of the S-state transition. Electron paramagnetic resonance (EPR) has been used extensively to determine the progression of PSII through the S-state cycle 33, 34 . Using this technique, quantification of the S 2 state is determined by the multiline signal (MLS), a signature of only this state of PSII. Protein solutions, used for PSII crystallization, were cycled through the S-states by multiple single flash laser excitation (1-3 flashes) at room temperature. The samples were flash frozen directly after laser excitation in liquid nitrogen and the yield of multiline signal was interrogated by EPR at low temperature. The EPR experiments were performed under conditions that were as similar as possible but not identical to the LCLS experiments (for example the EPR data collection required freezing in glycerol, whereas SFX data are collected at room temperature without glycerol addition). As the S-state yield is an estimate, the double-flash state is indicated as 'putative S 3 state' here. Prior to illumination, glycerol was added to samples as a cryo-protectant, yielding a final concentration of ,30% by volume. This resulted in a final PSII concentration of 1.8 mg chlorophyll per ml (2 mM). Dark adaption was performed before the EPR experiments, therefore the PSII samples were initially, predominately in the S 1 state. We did not attempt to get all the PSII into the S 1 state, using pre-illumination flashes in the presence of artificial electron acceptors followed by dark adaptation (as described in ref. 34) as the natural mobile plastoquinone (1 Q B per reaction centre) would leave the binding site and consequently be lost in the pre-illumination phase.
For flash illumination at room temperature (20 uC), a Continuum Surelite EX Nd:YAG laser was used with a second harmonic generator yielding 532 nm, 8 ns, 1 Hz, and ,380 mJ (fluence of ,10 3 mJ per cm 2 ) pulses. Low-temperature X-band EPR spectra of the flash-frozen samples were recorded using a Bruker EMX X-band spectrometer equipped with a X-Band CW microwave bridge. The sample temperature was maintained at 10 K by an Air Products LTR liquid helium cryostat during collection of the EPR spectra. Spectrometer conditions were as follows: microwave frequency, 9.48 GHz; field modulation amplitude, 25 G at 100 kHz; microwave power, 31 mW.
Dark-adapted samples of both PSII solutions and crystal suspensions (frozen without illumination) contained a small percentage (typically 10%) of multiline signal. To determine the maximal possible yield of the MLS, the dark adapted, frozen PSII samples were illuminated at 190 K (dry ice/ethanol bath) for 20 min. The S-state cycle stops at the S 2 state at low temperature (190 K) 33 , therefore all photoactive PSII reaction centres can be brought into the S 2 state by low temperature continuous illumination. The illumination of the frozen crystal suspensions was performed in 2-min intervals with the maximum MLS signal intensity achieved within the first 2 min of continuous illumination. We observed that the presence of glycerol affects the intensity of the MLS. Solutions and crystals to which no glycerol was added exhibited lower MLS intensity after continuous illuminations.
Extended Data Fig. 1f shows the EPR spectra of PSII samples, which were excited by 1 or 2 laser flashes at room temperature, followed by flash freezing in the dark. In addition, the graph also shows the control experiment in which dark-adapted frozen PSII was continuously illuminated at 190 K to achieve the maximal S 2 yield. A miss parameter a 5 9.7% was obtained by fitting the MLS intensities as a function of laser flashes, see Extended Data Fig. 1g . Samples exposed to three flashes were also included. The data evaluation indicates that with two flash illuminations at least 70% of the PSII reaction centres have reached the S 3 state under these conditions.
The transition rates are comparable to results of EPR studies on spinach PSII by Styring et al., who published transition rates of maximum 75% under conditions that were highly optimized for maximal yields of S-state transitions 34 .
CXI instrument setup and sample delivery for TR-SFX data collection on PSII crystals in the double-flash state. TR-SFX data were collected at the Coherent
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X-ray Imaging (CXI) instrument 14 at the Linac Coherent Light Source (LCLS) 15 at SLAC National Accelerator Laboratory (for reviews on TR-SFX see refs 11, 12) . The PSII crystals were delivered to the interaction region with the FEL beam as a suspension of crystals using the gas focusing liquid injector described in refs 27, 35, 36. The injection process was improved by the invention of an anti-settling device 37 , which also was modified to permit temperature control of the sample. Stainless steel syringes containing the crystal suspension (pre-filtered through 10 mm stainless steel filters from IDEX) were mounted on a rotating holder, which was cooled with a Peltier element to 10 uC. This set-up maintained the crystals at their growthtemperature until their delivery to the FEL interaction region by the gas focusing jet. The glass capillary nozzle tips were polished to allow for visible laser excitation of the crystals in the nozzle tip. A black coating upstream of the nozzle tip prevented pre-excitation of the crystal suspension upstream of the optical laser interaction region. The gas focused liquid jet had a diameter of 4 mm at the intersection with the X-ray focal area of 2 mm 2 full width at half maximum (FWHM) using the CXI instrument. Data were collected at the X-ray photon energy of 6.0 keV (2.05 Å ) with an X-ray pulse duration of approximately 50 femtoseconds. The X-ray diffraction patterns were detected on a Cornell-SLAC Pixel Array Detector (CSPAD) 38, 39 . The detector consisted of 64 panels, each 194 3 185 pixels tiled to span approximately 1728 3 1728 pixels with gaps between the tiles and approximately 19 cm along one side. Double laser excitation of photosystem II crystals. PSII was excited by two subsequent optical pump-laser pulses from a diode-pumped, frequency-doubled Nd:YLF laser (Evolution-30, Coherent), emitting visible laser pulses at a wavelength of 527 nm. The laser was fibre-coupled from a table outside the experimental chamber, channelled into the chamber and onto the head of the liquid jet injector 27, 35 . This wavelength provided a good compromise between transmission and absorption of light in the PSII crystals to ensure approximately homogeneous excitation throughout the crystals (the size of crystals was approximately 1 mm), as identified by DLS (see Extended Data Fig. 1d ). The optical double pulse was produced by an active Q-switch with 'on times' chosen such that the pulse energies of both laser pulses match. This resulted in pulse lengths of 90 ns and 150 ns for the first and second pulses, respectively, this was done to maintain the total number of photons incident on the crystal same. The laser was focused to an area of approximately 400 mm in diameter with a flat top profile and aimed at the transparent tip of the nozzle, about 100 mm upstream from the X-ray interaction region. The laser beam diameter and aim point were chosen based on the desired pump-probe delays and calculations of sample flow profile and flow speed inside the capillary (average speed of 85 mm per second for 50 mm inner diameter of the nozzle) and in the jet (12 m per second for the 4 mm jet). This allowed for illumination of the crystals at the tip of the nozzle and in the liquid jet. It also ensured that crystals probed by X-rays were first exposed to both optical laser pulses for the 'pumped' measurements (see Fig. 1b, c) . The molar extinction coefficient was determined from dissolved PSII crystals at 527 nm, which was then used to calculate the absorption of PSII crystals with approximately 1 mm path length. From these parameters, it was calculated that a minimum fluence of 2.3 mJ per cm 2 (or a pulse energy of 3 mJ for a 400 mm diameter spot) was required to excite every PSII complex in a crystal of 1-2 mm diameter.
During the experiment, the laser pulse energy was monitored using a power meter placed at a 50:50 beam splitter on the laser table (50% of the energy going into the experiment). The energy of the laser pulse transmitted to the sample was calculated by the previously measured transmission of the entire fibre setup from the 50:50 beam splitter to the final lens in the injector (including fibre couplings and feedthrough) and using 20% as a conservative estimate for the light transmission through the optically transparent end of the nozzle to the sample. That transmission could not be measured directly, so it was indirectly estimated. The laser pulse energy was chosen to correspond to approximately 6 mJ per pulse at the sample, that is, three times what is required to optimally pump a 1-2 mm PSII crystal at 527 nm 34 . The desired timing of the optical laser pulses with respect to the X-ray pulses from LCLS 15 were achieved by using the LCLS/CXI event generator and event reader (EVG/EVR) system that provided precise timing signals less than 1 ms before every X-ray pulse (or every other X-ray pulse) and a SRS DG645 delay generator to produce properly timed double trigger signals for the laser Q switch. The time-delay between the two optical laser pulses was set to be 210 ms corresponding to three times the time constant for the S 1 to S 2 transition of 70 ms 28 . The time delay between the second optical pulse and the X-ray pulse was 570 ms to allow the oxygen-evolving complex (OEC) to complete the S 2 to S 3 transition (3 times the time constant of 190 ms for the S 2 to S 3 transition) 28 . As the electron transfer between Q A to Q B takes place in the 200 to 400 ms time range 40 , (depending also on the organism and oxidation state of Q B ) the delay time of 780 ms between flash 1 and the X-ray pulse represents a reasonable minimal delay time aimed at following both the processes at the donor side in the OEC and the acceptor side at the Q B binding site. The uniform change in unit-cell dimension in the double-flash experiment (putative S 3 state) and its reversion in the triple flash experiment (putative transient S 4 state) provides an independent indication for significant and uniform progression of the OEC through the S-states.
In order to monitor the delay between the pump beam and the probe beam, we separately measured the response of two photodiodes to the optical and X-ray excitation with an Acqiris digitizer. One photodiode was exposed to stray optical light on the laser table and the other to X-rays scattered from the sample jet at very high angle. This was necessary because of the disparity in the response of the diodes to each signal near the interaction region-that is, at the required optical and X-ray fluences needed to perform the experiment, the signals could not be discriminated when using a single photodiode. The delay between the signals introduced by the measurement of the optical light on the laser table was measured at the beginning of the experiment by equalizing the signals from each beam near the X-ray interaction point. That constant was used to calculate a calibrated delay time with sufficient precision for our experiment using the digitizer trace.
The LCLS timing signal triggered the preceding optical laser pulses for every other X-ray pulse allowing us to acquire alternating diffraction images from 'dark' (ground state) and 'double-flash' PSII crystals in the putative S 3 state, that is, SFX data were collected with a frequency of the X-ray pulses of 120 Hz whereas the frequency of the pump laser pulses was 60 Hz (Fig. 1b, c) . This approach minimizes other sources of error that might occur from systematic error. With this setup, alternating 'dark' and double excited 'illuminated' images were collected at 3,600 dark images and 3,600 illuminated images per minute. In addition to this alternating experimental scheme, dark run data was collected while the 527 nm pump laser was switched off (see Extended Data Table 2b for data statistics of dark only and alternate dark/light runs). Representative diffraction patterns of the S 1 and the double-flash data sets are shown in Extended Data Fig. 2a, b . Processing and evaluation of data with the Cheetah and CrystFEL programs. A total of 5,528,071 raw diffraction frames were collected from photosystem II microcrystals in January 2012. The raw diffraction data (XTC format) were pre-processed by the Cheetah software package 16 , and then analysed in the software suite CrystFEL The first step of pre-processing involved dark current subtraction from each diffraction frame and masking of dead, hot, cold and saturated pixels. It also included masking of the low-resolution scattering from the liquid jet and the detector panel edges. Local background correction step was applied to the raw diffraction frames during their pre-processing in Cheetah 16 . Each diffraction frame was analysed and identified as a crystal 'hit' only if it contained 25 or more peaks with the intensities of at least 400 analogue-to-digital units. The locally background-corrected patterns collected in the alternating mode were sorted into two data sets for the dark and double-pumped hits based on signals from a photodiode and video camera in the experimental chamber. Comparison between the dark data sets from the alternating light/dark runs and complete dark runs showed no difference in unit cell constants, or indexing rates, therefore the dark data sets were merged. The final data sets contained 71,628 'hits' from the dark state data set and 63,363 'hits' from doubleflash data sets. The triple-flash data sets, leading to the putative transient S 4 state of PSII (collected during a separate beamtime in June 2012), were collected in alternate runs with the frequency of 120 Hz of the LCLS X-ray pulses and 60 Hz laser excitation frequency. The same laser excitation scheme as described before was used to reach the S 4 state. The third laser excitation, reaching the S 4 state, was achieved by triggering a third laser excitation 527 nm laser pulse 570 ms after the second laser excitation pulse. This third pulse was triggered by a second 527 nm laser installed in the CXI hutch, which excited the jet through a separate hole in the shroud. The delay time between the third laser flash and the FEL X-ray pulse was 250 ms. The data sets from the January 2012 beamtime are designated as dark (A) and doubleflash (A) and the data sets from the June 2012 beamtime are designated as dark (B) and triple-flash (B) (see Extended Data Table 2a ). The dark (B) and triple-flash (B) data sets contained 33,373 and 32,190 hits, respectively. The hits for all data sets were passed as separate sets to the CrystFEL software suite 17 for auto indexing with MOSFLM, using the orthorhombic unit cell dimensions of PSII from Thermosynechococcus elongatus (PDB code 1FE1) 5 within a tolerance limit of 6%, 5%, 5% for the reciprocal axes of a, b, c respectively for the S 1 state. Similarly, the tolerance limit of 8%, 5%, 5% were used for the reciprocal axes of a, b, c, respectively, for the doubleflash and triple-flash states. After indexing, the 4 data sets were handled separately and the 'indexing rates' (fraction of hits which could be successfully indexed) were 48% for dark (A), 29% for double-flash (A), 35% for dark (B), and 39% for tripleflash (B). Extended Data Table 2a, b shows the indexing statistics as well as the unit cell constants for all 4 data sets. The unit cell is orthorhombic and shows very significant changes in the unit cell dimensions between the dark S 1 and double-flash data sets (A) state (see Extended Data Table 2 and Extended Data Fig. 3) . The most pronounced change is in the dimension of the a axis which increases by 3.3 Å . This change in unit cell constants is accompanied by the slight decrease in diffraction LETTER RESEARCH quality (5 vs 5.5 Å resolution) (see Extended Data Tables 1 and 2 ) and significant lowering of indexing rates. This change in the unit cell dimension is fully reversed to the unit cell constants observed in the dark S 1 state when PSII crystals are excited by three laser flashes, eventually reaching the putative transient S 4 state. Furthermore, the indexing rate for the dark (B) and triple-flash (B) data sets are comparable, with 35% and 39%, respectively.
Multiplicity in the measurements is very important due to the partial nature of all reflections, the variation of the flux in each FEL pulse and the fact that each diffraction pattern is collected from a different crystal. The triple-flash data set, with 12,500 diffraction patterns, is sufficient to accurately determine the unit cell constants. However, this is borderline for the determination of accurate structure factors and therefore, further data evaluation has been limited to the dark (S 1 ) and doubleflash data sets.
The dark (S 1 ) and double-flash (putative S 3 ) data sets that were used for structure factor determination consist of 34,554 and 18,772 indexed patterns, respectively. Our data sets were merged separately in three dimensions and the structure factors were extracted separately from dark and double-flash data sets of PSII protein using the Monte Carlo method 41 , which integrates the snapshots partial reflections from randomly oriented crystals of varying size and shape (see Supplementary Videos 1 and 2 for a graphical representation of the structure factor amplitudes of the both data sets). The internal consistency of the SFX data are expressed as R split 17 . For the calculation of R split , the sets of images of a data set are split into two random halves, and the structure factors are calculated separately for each half. The difference between the amplitudes of each of the structure factors of (hkl) plane between the two half data sets is used to estimate the convergence of the full data set as given by R split . An R split of 0.22 means an estimated 22% error of the structure factors of the full data set to the 'true' data set. The two half data sets would have agreed to 0.22 * sqrt(2).
R split was calculated for the dark and double-pumped data sets separately. As expected, with an increasing number of indexed patterns, R split decreases as the data set reaches higher multiplicity and completeness (see Extended Data Fig. 4) . The average R split values over all resolution shells were 0.07 for the dark and 0.09 for the double-pumped data sets. Structure determination. The data for the dark (S 1 ) and double-flash (that is, putative S 3 ) state of PSII were handled as two completely separate data sets for the whole data analysis process. After processing the raw serial femtosecond X-ray crystallographic data, the final structure factors from dark and double-pumped data sets were passed to the CCP4 software package 42 . Molecular replacement. Molecular replacement 43 was carried out by the PhaserMR program, which is a part of the CCP4 suite 42 using the PSII X-ray structure at 1.9 Å resolution of Umena and co-workers (PDB ID: 3ARC) 6 as the search model, which was modified by removing waters, detergents, lipids and alternative conformers of the amino acids. We used monomer 1 of the PSII dimer (in which the monomer 1 subunits are labelled with capital letters and small letters are used for monomer 2 in 3ARC model) as the search model for molecular replacement to solve the phase problem by using the program phaser (version 2.5.3). After we found monomer 1, we repeated the search for monomer 2. Refinement. Both structures were refined by phenix.refine 44 using rigid body refinement, where each C-alpha chain of each protein subunit was considered as a rigid body. The cofactors were also considered as rigid bodies. During the rigid body refinement, we considered only translational refinement and not rotational refinement of the rigid entities. So, the RMS bond angle was not refined. We used the original B factors from the 3ARC model because B-factor refinement is not useful at the given resolution of 5.0 Å . After three refinement cycles, R-factors for the dark state at 5.0 Å of R work of 0.260 (R free 5 0.262) were observed. The R-factors for the double-flash state at 5.5 Å , are R work of 0.280 (R free 5 0.290). Refinement statistics are shown in Table 1 .
All figures displaying structures were made using PyMOL (DeLano Scientific; http://www.pymol.org). Calculation of electron density maps. The electron density maps for dark and double-flash data sets were generated using the FFT program from the CCP4 suite. The omit maps, defined by Bhat, were calculated using 'Omit' (CCP4 suite) 45, 46 where the OEC was removed from the MR solution. These (2F o -F c ) omit maps were calculated using experimental data and the MR model excluding the OEC before applying refinement in order to avoid model-bias. For superimposition of these two omit maps from dark and double-flash states respectively, the following steps were carried out. First, using the omit maps as inputs, new sets of coordinate files (PDB files) were generated from the MR solutions of dark and double-flash states separately, so that each of the two omit maps fits the model, using the Molrep program in CCP4 suite. Second, the modified coordinate files for the dark and double-flash states, outputs of Molrep program, were opened, and the superimposed coordinates were saved in the Coot program 47 . The double-flash state coordinate file was considered as the moving object and the dark state coordinate file as the fixed object. As a result, Coot provided Euler angles and translational coordinates (x, y, z values) for this superposition. Third, using these Euler angles and translational coordinates as rotational operator with opposite sign, the double-flash state omit map was rotated using the MAPMASK program in the CCP4 suite. Because the unit cell constants of the dark and double-flash electron density maps differ, they are in different frames of inertia, which we have to take into account for the overlaying process. The rotated double-flash state omit map (output of MAPMASK program) was moved over the superimposed coordinate file. The same procedure was applied to the dark state omit map aligning with the superimposed double-flash coordinate file using MAPMASK program in the CCP4 suite. Examples of the electron density maps are shown in Extended Data Figs 5-7. Calculation of simulated annealed omit maps. The solutions from the molecular replacement for the PSII dimer for the dark and double-flash states were used for the calculation of the simulated annealed (SA) omit maps 48 . For each of the PSII coordinate files of the MR solutions, the OEC was removed and then the resulting PSII coordinate file was used for calculating the SA-omit map with a starting temperature of 5000 K using the 'AutoBuild create omit map' program from the Phenix suite (version 1301 dev) 49 . The SA omit maps of the OEC in the dark state (S 1 ) and the double-flash (putative S 3 ) state are shown in Fig. 3a, b and also see Extended Data Fig. 8 for the dark state SA omit map from a different viewpoint. Unit cell increase. The conformational change and associated unit cell changes may be caused by dissociation of the mobile plastoquinone PQ B from the Q B binding pocket after double-flash excitation, when PSII may reach the S 3 state (see Fig. 1a ). The structural changes leading to the difference in unit cell constants are probably most significant at the stromal side of PSII where the quinone bindings sites are located. To avoid structural heterogeneity at the acceptor side by partial re-occupation of the Q B binding site, no quinone was added to the crystals for the double pump experiments. We thereby may have 'trapped' PSII in the double flash experiment in the putative S 3 state conformation with an empty Q B binding pocket. In order to transition from S 3 to S 4 , an electron acceptor must replenish the empty Q B binding site. Therefore, the plastoquinone derivative PQ decyl, which diffuses into the Q B pocket, was added to the crystals used for the triple-flash excitation data set. With the Q B binding site re-occupied, the change in unit cell constants is reversed. Structural changes of the OEC. In light of new results on theoretical modelling of the OEC 3, 4, 18, 21, 22, 50 , we further examined the SA-omit maps in the dark and doubleflash states for differences in the metal cluster that can be detected even at low resolution and discuss the results here in light of recent computational and spectroscopic studies on the metal cluster. The changes in the density of the Mn 4 CaO 5 metal cluster are suggestive of an increase of the distance between the cubane and the 'dangler' Mn and a distortion of the cubane in the S 3 state. The observed electron densities are compared in Fig. 3a and 3b with the recent theoretical studies of Isobe and coworkers 4 , shown in Fig. 3d , who predicted a 'breakage' of the dangler Mn from the cubane cluster in the S 3 state. Additionally, EXAFS data constrains the extent of the movement of the dangler Mn relative to the cubane 51, 52 . The increase in distance could allow for the binding of the second substrate water molecule between the dangler Mn and the Mn 3 CaO x cubane. The presence of a substrate water molecule between the dangler Mn and the distorted cubane in the higher S-states, has also been predicted to be essential for the catalytic mechanism in a recent DFT model of the full catalytic S-state cycle, including modelling of the substrate water exchange 21, 53 . In addition to the elongation, the overall dimensions of the Mn 4 CaO 5 cluster appear to condense in the double-flash data set that may represent the putative S 3 -state. This may include shrinking of the distance between the Ca 21 and the 3 Mn in the distorted cubane. EXAFS studies on PSII, where the Ca was substituted with Sr, showed significant changes in Mn-Mn or Mn-Sr distances in the S 3 state -O distance is 1.8 Å . Two models have been proposed on the basis of X-ray absorption and emission spectroscopy, one describes the S 3 state as Mn ( 13 14 14 14) and the other proposes Mn (14 14 14 14) 25,56 . In the model in which RESEARCH LETTER all Mn ions have reached the Mn 14 oxidation state, a significant shrinking of the dimension of the cluster is expected due to the lack of the JT distortion with the average Mn-O distance being reduced to 1.8 Å (ref. 54) . The shrinking of the overall dimensions of the metal cluster, supported by our maps of the double-flash state, appears to be in agreement with the studies on model compounds. This indicates that the JT distortion diminishes in the putative S 3 state during progression of the S-states cycle when all Mn reach their 14 oxidation states 55 . The SA-omit maps of the dark (S 1 ) and the double-flash (putative S 3 ) states may be also indicative of changes in the protein environment of the Mn 4 CaO 5 cluster. Although the electron density map in the dark S 1 state overall follows the protein backbone of the 1.9 Å structure, larger perturbations of the protein environment of the cluster are visible in the double-flash state. The double-flash state electron density map may suggest a movement of the loop which connects the transmembrane helices C and D (that is, the CD loop) at the lumenal side which includes D170, away from the metal cluster and a movement of the AB loop (connecting the transmembrane helices A and B) into closer vicinity to the cluster, which may allow D61 to become part of the ligand sphere of the metal cluster. Although this interpretation of changes in the protein environment of the cluster is highly speculative at the given resolution, it could explain the results of mutagenesis studies on PSII. Although the mutation of D170A (which coordinates the dangler Mn and the Ca in the 1.9 Å structure of PSII) has no strong effects on the oxygen evolution function 23, 57 , less than 15% of the oxygen evolution function remains in the D61A mutation 58, 59 . This mutagenesis result was difficult to rationalize because D61 is found only in the second ligand sphere of the OEC in the 1.9 Å structure 6 . However, our SA-Omit electron density map of the metal cluster in the double-flash state shows a connection to the protein electron density in close vicinity to D61 (see Fig. 3b ). This finding may provide a first indication that D61 may serve as a ligand to the dangler manganese in the higher S-states. Although details of the conformational changes cannot be unravelled at the current resolution of 5 Å , the comparison of the dark and double-flash state SA omit maps provide an indication that the protein ligand sphere of the Mn 4 CaO 5 cluster may undergo significant changes when the OEC reaches the double-flash (putative S 3 ) state.
Extended Data Figure 1 | Photosystem II crystal growth and characterization. a, Scheme of free interface diffusion enhanced sedimentation method for growth of photosystem II nano/microcrystals. b, Large photosystem II crystals (average size 300 mm) suitable for X-ray data collection at synchrotron sources. c, Optical image of nano/microcrystals of photosystem II grown by free interface diffusion used for the TR-SFX data collection at LCLS. The crystallinity must be confirmed by other methods such as SONICC (see (e) for the SONICC image of the crystals) because nanocrystals look similar to amorphous precipitate. d, DLS results of the crystals shown in c indicate an average Stokes radius of 1 mm. e, SONICC image of the photosystem II microcrystals shown in c. f, g, Panels showing the EPR analysis of S-states yield of PSII after double-excitation. f, X-band EPR spectra (10 K) of photosystem II protein solution used for crystallization exposed to 0 (dark adapted sample, no flash NF), one (1F) or two (2F) saturating laser excitation flashes at room temperature. The samples were flash frozen after illumination. For comparison we also show the EPR spectra of dark adapted photosystem II subjected to continuous illumination at 190 K (NF, illu). At low temperature, the S-state cycle stops in the S 2 state which means that this conditions corresponds to the maximal yield of multi-line signal. Three individual samples of each type were analysed and the same MLS intensities were consistently found for similar samples. g, Fit of the quantified S 2 state multiline signal (MLS) oscillations to the Kok model of the S-state transition cycle 31 . Please note that the MLS yield after the second and third flash is nearly constant in the measurements, whereas the fit predicts a decline after the third flash. This is expected as we have not added quinones or artificial electron acceptors to the sample, so that there is no terminal electron acceptor present after PQH 2 has left the Q B binding site after the second flash.

